Iron-sulfur cluster-dependent interconversion of iron regulatory protein 1 (IRP1) between its RNA binding and cytosolic aconitase (c-acon) forms controls vertebrate iron homeostasis. Cluster removal from c-acon is thought to include oxidative demetallation as a required step, but little else is understood about the process of conversion to IRP1. In comparison with c-acon WT 0 in the absence of cluster perturbants, indicating that regulation can be initiated merely by changes in iron availability.
phosphorylation sensitizes IRP1/c-acon to decreased iron availability by allowing the [4Fe-4S]
2؉ cluster to cycle with [3Fe-4S] 0 in the absence of cluster perturbants, indicating that regulation can be initiated merely by changes in iron availability.
Iron regulatory protein 1 (IRP1)
3 is a cytosolic iron-regulated RNA-binding protein that post-transcriptionally regulates the synthesis of proteins required for the maintenance of iron homeostasis in animal cells. IRP1 dictates mRNA fate by binding to iron-responsive elements (IREs) in at least six mRNA encoding key proteins that directly control the uptake and metabolic fate of iron. Excess iron promotes inactivation of IRP1 RNA binding through two mechanisms. The first involves insertion of a [4Fe-4S] cluster converting IRP1 to the cytosolic isoform of aconitase (c-acon), the so-called iron-sulfur switch. A second mechanism relies on iron-mediated degradation of the IRP1 apoprotein (1) (2) (3) . Several studies have demonstrated that dysregulation of IRP expression can be deleterious and even lethal, thereby further focusing efforts on the elucidation of the mechanisms through which these central regulators of iron metabolism are controlled (4, 5) . This is particularly relevant to c-acon/IRP1 because the c-acon form can be up to 100-fold more abundant than the IRP1 RNA-binding form (6, 7) , predicting harmful consequences should unregulated loss of the iron-sulfur cluster occur (4, 5) . The mechanism(s) of conversion of c-acon to IRP1 is the subject of this investigation.
Generation of IRE RNA binding activity from c-acon requires complete removal of the iron-sulfur cluster along with reduction of critical Cys (8) . The generally held view is that iron-sulfur cluster loss from c-acon is not kinetically feasible in response to iron deficiency without the action of agents that directly promote this process (9) . Studies to date have focused on the role of cluster perturbants such as reactive oxygen and nitrogen species in promoting cluster removal (2, 10 -12) . With oxidants, a [3Fe-4S] ϩ cluster is initially formed by oxidative removal of Fe a (13) (14) (15) . When NO is the perturbant, the [3Fe-4S] ϩ cluster is not an obligatory intermediate, and complete disruption has been observed (16, 17) .
Although both solvent accessibility of the iron-sulfur cluster in aconitases and the lack of direct ligation of the fourth iron of the cluster (Fe a ) to a protein moiety facilitates cluster removal by perturbants, many questions remain concerning this process (12, 18) . For example, it is not clear whether perturbant action is required for generation of RNA binding activity. It is notable that members of the aconitase family differ substantially with respect to the stability of their iron-sulfur cluster, ranging from the spontaneous instability observed in Escherichia coli aconitase B (AcnB) to mammalian c-acon, which appears to have one of the most stable iron-sulfur clusters in this protein family (19, 20) . Although the relative stability of c-acon may limit maladaptive responses to cluster perturbants, it raises questions concerning the efficacy of the iron-sulfur switch in controlling IRP1 function. Consequently, a mechanism to enhance the sensitivity of the iron-sulfur cluster in a pool of c-acon to perturbants could provide a key physiological means for generating IRE binding activity while limiting its potential pathological impact.
Previous studies suggest that Ser 138 phosphorylation of IRP1 provides a mechanism to control the stability of the iron-sulfur cluster in c-acon and to alter the set point for iron regulation of IRP1 (4, 10, 21) . First, Ser 138 phosphomimetic mutants of IRP1 (IRP1 S138D and IRP1
S138E
) can assemble a [4Fe-4S] cluster and exhibit aconitase activity as the purified protein or when supporting aconitase-dependent growth in yeast in vivo. In both cases the iron-sulfur cluster displayed markedly increased sensitivity to oxygen or reactive oxygen species and altered accumulation of a likely intermediate in the conversion of c-acon to IRP1 (10, 21) . Second, the capacity of both IRP1 S138D and IRP1 S138E to support aconitase-dependent growth in yeast was more sensitive to iron depletion than that of IRP1 WT , implying that the phosphomimetic mutants exhibit increased rates of cluster removal in vivo (21) . Third, in mammalian cells Ser 138 phosphomimetic mutants fail to accumulate as c-acon (4, 22) , suggesting that enhanced cluster disassembly alters the balance between c-acon and IRP1. Taken together, these studies indicate that the Ser 138 phosphomimetic mutants would be useful tools for further elucidating the mechanisms responsible for the conversion of c-acon to IRP1.
In this study we have investigated the impact of cluster perturbants and iron chelators on the capacity for cluster-dependent regulation of Ser 138 phosphomimetic mutants of IRP1. In vitro cluster reconstitution studies revealed that IRP1 S138E exhibits reciprocal regulation of RNA binding and aconitase activities but with markedly greater sensitivity to NO. Interestingly, c-acon S138E was strongly inhibited by iron chelators that were without effect on c-acon WT . Following anaerobic incubation with EDTA, conversion of c-acon S138E from the [4Fe-4S] to a [3Fe-4S] form was detected, suggesting enhanced 4Fe-to-3Fe cycling and spontaneous nonoxidative demetallation of the iron-sulfur cluster in the Ser 138 phosphomimetic mutant. Our results support a model wherein Ser 138 phosphorylation allows for regulation of IRP1 via the iron-sulfur switch mechanism in a manner that enhances responsiveness to changes of intracellular iron status or oxidative/nitrosative stress while preventing potentially lethal overaccumulation of IRP1 through iron-mediated degradation of the protein.
EXPERIMENTAL PROCEDURES
Materials-Unless noted otherwise, all of the reagents were obtained from Sigma. Ferrous ethylene diammonium sulfate was from GFS Chemicals (Powell, OH). NifS protein was a generous gift from Dennis Dean (Virginia Tech). Diethylamine NONOate was from Caymen Chemical (Ann Arbor, MI). Trisodium citrate and 2-mercaptoethanol were from Fluka (Milwaukee, WI). Tris was from Fisher. BCA protein assay and chemiluminescent substrate (Super Signal) for immunoblots were from Pierce.
IRP1 Purification and Iron-Sulfur Cluster Reconstitution-IRP1 was expressed in and purified from yeast as described (10) . The [4Fe-4S] cluster was reconstituted by anaerobic addition of a 10-fold molar excess of Fe 2ϩ (ferrous ethylene diammonium sulfate) and L-cysteine, plus dithiothreitol (5-10 mM), and NifS protein (final concentration, 0.1 mg/ml) at 25°C in an anaerobic chamber (Coy, Grass Lake, MI; 95% N 2 , 5% H 2 ; Ͻ5 ppm O 2 ) (23). After 16 -20 h the reconstitution salts were removed by anaerobic gel filtration over Sephadex G-50 (medium, 50 -150-m particle size) in 90 mM Hepes, pH 7.5, 10% glycerol. Total IRP1/c-acon protein after desalting was quantified by Coomassie-stained SDS-PAGE using a bovine serum albumin standard curve.
Aconitase Activity-Aconitase activity was determined by monitoring the conversion of isocitrate to cis-aconitate (⑀ ϭ 3.6 mM Ϫ1 cm Ϫ1 ) at 240 nm (25, 26) . A unit of activity is defined as converting 1 mol of substrate/min at 25°C. The assay was performed in duplicate in Tris buffer (pH 8.0, 0.1 M) containing 20 mM DL-isocitrate against a blank lacking protein. Units of activity were converted to moles of c-acon using a conversion factor of 3.3 units/nmol cluster (24) . Control reactions lacking iron yielded no aconitase activity.
Nitric Oxide and EDTA Treatments of Reconstituted c-aconIn an anaerobic chamber varying concentrations of the NO source diethylamine NONOate (DEANO, stabilized in pH 8.7 TAPS buffer or 0.01 N NaOH at 4°C) were diluted into a solution of c-acon (5-6 units/ml aconitase, in 90 mM Hepes, 10% glycerol, pH 7.5). Upon dilution into pH 7.5 Hepes buffer at 25°C, DEANO decays to produce NO (measured t1 ⁄ 2 ϭ 10 -12 min). As a control the aconitase activity of the protein solution in the absence of DEANO was monitored concurrently. For EDTA experiments c-acon WT or c-acon S138E was diluted to an enzymatic activity of 3-6 units/ml, and EDTA or buffer control was added. After anaerobic incubation with EDTA, aconitase activity was measured.
Electron Paramagnetic Resonance Spectroscopy-X-band EPR spectra were obtained at liquid helium temperatures on a Bruker E500 ELEXYS spectrometer with 100-kHz field modulation, equipped with an Oxford Instrument ESR-9 helium flow cryostat and a DM-0101 cavity.
RNA Binding Activity-For purified IRP1 and iron-sulfur cluster-reconstituted c-acon, the electrophoretic mobility shift assay (EMSA) method was performed as described except that EDTA was omitted from the gel and the running buffer because of its reactivity with IRP1 S138E (27) . Binding reactions between IRP1/c-acon and [
32 P]RNA (L-ferritin 73-nucleotide mRNA fragment containing IRE) were set up, incubated anaerobically, and loaded onto the gel outside the anaerobic chamber. Filter binding assays were performed as described (28) , using 25-mm nitrocellulose filters (Protran BA 85, Whatman/Schleicher & Schuell) except that all steps were carried out in the anaerobic chamber. Briefly, the protein samples were diluted into binding buffer containing a 5-10-fold molar excess of radiolabeled IRE and incubated for 10 min on ice before passing through a nitrocellulose filter. The filter was washed once with fresh binding buffer. The filter and the flow-through/wash were collected in separate scintillation vials and counted. For extracts of HEK 293 cells an RNA binding supershift assay was performed (4). The lysates were anaerobically incubated in binding buffer with 1 g of anti-Myc antibody for 2 h at 4°C. [ 32 P]RNA (final concentration, 2 nM) was added and incubated for 10 min. After the addition of heparin (0.5 mg/ml final), the reactions were loaded onto a 8% polyacrylamide gel prepared in Tris borate buffer, pH 8.0, lacking EDTA and run at 4°C to separate free, proteinbound (endogenous IRP1 and IRP2) and supershifted (IRP1 antibody-bound) RNA.
Mammalian Cell Culture-HEK 293 cells expressing Myctagged IRP1
WT or Myc-tagged IRP1 S138E were plated at 0.5-1.0 ϫ 10 6 /ml, induced with tetracycline (ϩtet) or not (Ϫtet) for 36 h under hypoxia (1% O 2 /5% CO 2 /94% N 2 ) or under normoxia (normal incubator conditions), and harvested anaerobically in phosphate-buffered saline with 1 mM citrate (4). The cells were lysed inside the anaerobic chamber in four volumes of lysis buffer (LB, 20 mM Hepes, pH 7.5, 100 mM NaCl, 1% Triton X-100, 1 mM citrate, and protease inhibitor mixture as described (4) but omitting EDTA). After centrifugation at 14,000 rpm for 10 min using O-ring-sealed tubes, the clarified lysate was assayed for aconitase activity within 2 h of lysis. Protein content was determined by the BCA assay. To calculate aconitase activity caused by recombinant protein, the endogenous (Ϫtet) aconitase activity was subtracted from the (ϩtet) aconitase activity. Tet treatment had no impact on aconitase activity in nontransfected cells. 4 Immunoblot analysis confirmed the induction of Myc-IRP1 in lysates of tet-induced cells, and no Myc-IRP1 was detected in lysates from uninduced cells.
RESULTS

A Ser 138 Phosphomimetic Mutant of IRP1 Is Regulated by the Iron-Sulfur Switch in Vitro-Previous studies had suggested that Ser
138 phosphorylation might completely uncouple IRP1 from the iron-sulfur switch mechanism, allowing for its regulation only through iron-mediated protein degradation (22) . However, we reasoned that although the iron-sulfur cluster in Ser 138 phosphomimetic mutants of c-acon is extremely sensitive to disruption, they would still be regulated by the ironsulfur switch mechanism depending on the level of cluster perturbants present. Thus, these mutants could serve as useful models allowing further elucidation of the process(es) of cluster disassembly. An important premise for this hypothesis is that Ser 138 phosphomutants of IRP1 should be able to undergo the traditional iron-sulfur switch mechanism in vitro and exhibit a reciprocal relationship between RNA binding and aconitase activities (8, 29) . To test this, we used IRP1 S138E because it displays the strongest instability phenotype. In the following sections cluster-containing IRP1 is referred to as c-acon.
After anaerobic iron-sulfur cluster reconstitution, the IRP1 WT and IRP1 S138E displayed substantial aconitase activity (Fig. 1A) . No aconitase activity was observed for either protein in the absence of reconstitution (data not shown). The impact of cluster reconstitution on RNA binding activity was determined by EMSA (Fig. 1 , B and C). RNA binding activity of IRP1
WT and IRP1 S138E was decreased by 81 and 53%, respectively, after cluster reconstitution. Previous studies have shown that treatment of c-acon with 2% 2-mercaptoethanol allows c-acon to bind RNA, permitting determination of the total amount of RNA binding activity in a mixture of IRP1 and c-acon (30) . As expected total 2-mercaptoethanol-induced RNA binding activity of IRP1
WT and IRP1 S138E was unaffected by reconstitution (Fig. 1C) . Hence, under anaerobic conditions the classical iron-sulfur switch can operate in vitro in IRP1 S138E over a similar range as observed for IRP1
WT . 138 Phosphomimetic Mutants-We then asked whether the set point for regulation of the iron-sulfur switch by NO, an established cluster perturbant (16, 17, 31) , was altered in Ser 138 phosphomimetic mutants. We first compared the NO sensitivity of the iron-sulfur cluster in c-acon WT and the control, c-acon S138A , with that in the phosphomimetic mutants c-acon S138E and c-acon S138D . The NO generator DEANO was used.
Altered Set Point for Regulation of RNA Binding and Aconitase Activity in Ser
In the presence of a 200-fold molar excess of DEANO, c-acon WT and c-acon S138A were stable, with more than 90% of aconitase activity being retained over the 80-min experiment ( Fig. 2A) . From these results the half-life of active aconitase enzyme for c-acon WT and c-acon S138A was estimated to be greater than 10 h. In contrast, the Ser 138 phosphomimetic mutants c-acon S138D and c-acon S138E displayed greatly enhanced sensitivity to NO. The half-lives of enzymatically active c-acon S138D and c-acon S138E were 7 and 2 min, respectively, 2 orders of magnitude shorter than for IRP1 WT ( Fig. 2A) . Based on the striking differences in half-lives of the ironsulfur cluster in c-acon S138D and c-acon S138E compared with c-acon WT after exposure to NO, a more thorough characterization of the instability was desired. Hence, the dose dependence of the DEANO effect was determined. A 50% loss of aconitase activity in c-acon WT required a ratio of DEANO to c-acon WT of 220:1. In contrast, only a 36:1 ratio was required to achieve the same percentage loss of activity in c-acon S138D and only a 7:1 ratio for c-acon S138E (Fig. 2B) . We conclude that on a dosage basis, the phosphomimetic mutants are 6 -30-fold more sensitive to the cluster perturbant NO than is WT.
Given the greater sensitivity to NO-dependent cluster disassembly in the Ser 138 phosphomimetic mutants of c-acon, we asked whether this translated into enhanced generation of RNA binding activity at low NO concentration. A strictly anaerobic filter binding assay was used to determine RNA binding activity. RNA binding activity of IRP1
WT was maximally increased by 4-fold at 1.0 mM DEANO (Fig. 2C) . The RNA binding activity of IRP1 S138E was maximally increased 2-fold in the presence of 0.1 mM DEANO, a 10-fold lower concentration than observed for c-acon WT (Fig. 2D) . The observation that aconitase activity declined more than the RNA binding activity increased for both IRP1
WT and IRP1 S138E likely indicates the presence of additional forms of IRP1/c-acon not active in RNA binding or aconitase activity (16, 17, 31) .
In HEK Cells IRP1 S138E Displays an Altered Response to Hypoxia and Nitric Oxide-Because the experiments with purified protein demonstrated that IRP1 S138E can be regulated by the iron-sulfur switch and that the set point for this regulation is altered, we further probed the effect of enhanced iron-sulfur cluster disassembly on the function and regulation of IRP1. To accomplish this we determined the impact of hypoxia versus normoxia on IRP1, c-acon, and related species for IRP1
WT and IRP1 S138E expressed in HEK cells. It has been shown that hypoxia generally causes a shift of IRP1 to the aconitase form with a decrease in RNA binding activity in several cell lines, although the impact of hypoxia on IRP1 may depend on cell type (12, (32) (33) (34) . This decrease in RNA binding activity is in contrast to IRP2, which is stabilized in hypoxia, increasing its RNA binding activity (35) . Using activity assays and immunoblots, we determined the impact of oxygen tension on the abundance of the RNA-binding, aconitase, and inactive forms of IRP1 in HEK cells expressing IRP1
WT and IRP1 S138E from a tetracycline-inducible promoter. Finally, we determined whether the c-acon S138E generated in cells recapitulated the NO sensitivity phenotype observed with in vitro reconstituted protein. HEK 293 cells were exposed to normoxia or to hypoxia (1% O 2 ) for 36 h with or without tet. The aconitase activity attributable to the IRP1 WT or IRP1 S138E transgenes was determined by subtracting the activity obtained in the absence of tet (endogenous cellular activity) from the total activity obtained in the presence of tet (endogenous plus tet-induced activity). RNA binding was determined by antibody supershift EMSA (see supplemental Figs. S1 and S2). IRP1
WT displayed a pattern of increased aconitase and reduced RNA binding activity in response to hypoxia similar to what others have observed (32, 34) , although the differences were not statistically significant (Fig. 3A) . In contrast, no aconitase activity was detected for IRP1 S138E in normoxic conditions. However, significant albeit low levels of aconitase activity were observed for c-acon S138E in hypoxia, indicating that it is a bona fide substrate for the ironsulfur cluster biogenesis machinery in cells. Interestingly, RNA binding activity attributable to IRP1 S138E displayed an unanticipated lack of response to hypoxia (Fig. 3A) . Significantly, the binding activity of IRP1 S138E from cells grown in hypoxia was 18-fold higher than for IRP1
WT . To further understand the impact of hypoxia on IRP1
WT and IRP1
S138E
, we quantified the size of the different pools of IRP1 protein under normoxic and hypoxic conditions. The reciprocal pattern observed in aconitase and RNA binding activity for IRP1
WT noted above, with no significant change in IRP1
WT protein level, is consistent with what others have observed (Fig.  3A ) (32, 34) . When comparing the total amount of active forms relative to the amount of total immunoreactive IRP1 protein, we observed that 54% of IRP1 WT was present as an inactive form(s) under normoxia, which decreased to 30%, in hypoxia (Fig. 3B) . Inactive forms of IRP1 that lack both enzymatic and RNA binding activities have been observed (16, 31, 36) . These include the oxidized apo and the [3Fe-4S] ϩ forms of the protein (8, 21, 30, 37) . For the S138E protein a different picture emerged. First, total active forms for the phosphomimetic mutant increased almost 2-fold in hypoxia (Fig. 3A) . Second, in normoxia a greater fraction of IRP1 S138E was in the RNA-binding form (46%) than was the case for IRP1 WT (13%), whereas the same fractional amount of both proteins (54%) was not active for either aconitase or RNA binding (Fig. 3B) . However, the inactive pool of IRP1 S138E appeared to be more strongly affected by hypoxia because it decreased to 19% of total IRP1 protein, a 65% decrease (Fig. 3B) .
Because we showed enhanced sensitivity to NO for c-acon S138E in an in vitro system (Fig. 2) , we wished to confirm the phenotype with c-acon generated in cells. Lysates from cells grown hypoxically were exposed to DEANO. A substantial loss of activity was observed for c-acon S138E even at 0.01 mM DEANO, with a corresponding IC 50 of 0.02 mM DEANO. Use of 1 mM DEANO abolished detectable c-acon S138E activity (Fig.  3C) . In contrast, c-acon WT retained most of its activity, and only showed significant losses at a level of 1 mM DEANO, with a corresponding IC 50 of 2.6 mM DEANO. On the basis of these IC 50 values, the cluster in c-acon S138E was about 100-fold more sensitive than that in c-acon WT . This confirms a NO sensitivity phenotype for an Ser 138 phosphomimetic mutant of c-acon generated under cellular conditions. WT and IRP1 S138E expressed in HEK 293 cells. A, calculated distribution of aconitase and RNA-binding forms for WT (n ϭ 3) and S138E (n ϭ 4) in cells grown under normoxic (N) or hypoxic (Hy) conditions. The activities and protein levels are for the tet-induced IRP1; endogenous (Ϫtet) aconitase activities or protein levels have been subtracted. RNA binding was determined using antibody supershift EMSA with the anti-Myc antibody. The mass of the c-acon pool was determined using the established specific activity of purified c-acon, and the mass of the RNA binding pool was determined by using the specific radioactivity of the [ 32 P]RNA used for EMSA and assumed a 1:1 IRP1/ IRE ratio under saturating conditions (see "Experimental Procedures"). Panel i, aconitase activity attributable to IRP1 WT or IRP1 S138E was determined. For normoxic S138E lysate acon activity, the resulting value was below zero, denoted by #. Panel ii, effect of hypoxia on RNA binding activity of IRP1
WT and IRP1 S138E was also determined. Although the mean RNA binding appeared to decrease for IRP1 WT in hypoxia, the difference was not statistically significant. The mean RNA binding activity of IRP1 S138E was not reduced by hypoxia. Panel iii, total active forms of IRP1/c-acon was determined by summing the aconitase and RNA binding activity for the wild type and S138E phosphomutant under each condition using the data in Panels i and ii. Panel iv, IRP1 protein was quantified in lysates by anti-IRP1 immunoblot using purified recombinant IRP1 for the standard curve. An asterisk indicates hypoxia value significantly different from corresponding normoxia control (Student's t test, p Յ 0.05). B, pie chart representation of the data in A. The percentages of forms were calculated by dividing the active form (pmol/mg lysate protein) by the total IRP1 protein (pmol/mg lysate protein) from the quantitative immunoblot. When activity was below the endogenous background, which occurred only for acon activity of S138E lysates in normoxia, a value of zero percent was assigned. C, freshly prepared lysates from HEK cells were anaerobically treated with DEANO or an equivalent volume of carrier buffer (control). After a 15-min incubation each reaction was quenched in assay mix (0.1 M Tris, pH 8.0, 20 mM DL-isocitrate), and aconitase activity was measured. Endogenous activity (Ϫtet) was subtracted from total activity (ϩtet) to determine the activity caused by c-acon encoded by the transgene. Starting aconitase activity for c-acon WT was 40.3 Ϯ 12.4 millinunits/mg protein, whereas for c-acon S138E it was 8.7 Ϯ 1.8 milliunits/mg protein (means Ϯ S.E., n ϭ 3). An asterisk denotes c-acon S138E activity significantly lower than corresponding c-acon WT activity (Student's t test, two-tailed, unpaired, n ϭ 3, p Ͻ 0.05). WT, wild type.
Taken together, these results underline the tendency of IRP1 S138E to accumulate in the RNA-binding form as a consequence of increased disassembly of the iron-sulfur cluster in c-acon S138E , whereas IRP1 WT accumulates as c-acon. We suggest that Ser 138 phosphorylation sensitizes IRP1 to regulation by oxidative or nitrosative stress. S138E Displays Enhanced Sensitivity to Iron Chelation-The enhanced instability of the iron-sulfur cluster in c-acon S138E is reminiscent of the properties of other aconitases with unique physiological roles (19, 20) . For example, in contrast to mammalian m-acon, which is stable in the presence of EDTA (25), bacterial AcnB loses activity rapidly in the presence of EDTA (19) . The instability of the cluster in AcnB allows greater sensitivity to environmental change.
The [4Fe-4S] Cluster of c-acon
Because c-acon S138E is more responsive to changes in iron status relative to c-acon WT (21), we determined whether it also exhibited enhanced sensitivity to iron chelators. We determined the effect of EDTA on aconitase activity in cluster-reconstituted c-acon WT and c-acon S138E under anaerobic conditions. There was no effect of 5 mM EDTA on c-acon WT (Fig.  4A) . In contrast, c-acon S138E was much more sensitive to EDTA, showing an estimated half-life of less than 10 min under the same conditions. In the presence of citrate, which stabilizes the cluster by binding to Fe a (25, 37) , the EDTA-dependent loss of activity was inhibited (Fig. 4A) . When c-acon S138E was treated with 1 mM EDTA, the half-time for loss of activity was less than 10 min (Fig. 4B) . Under these conditions, RNA binding activity was stimulated nearly 2-fold after treatment of c-acon S138E for 30 min. 5 The inactivation of c-acon was substantially blocked by 1 mM Fe 2ϩ (Fig. 4B) . For c-acon S138E a molar ratio of EDTA/c-acon S138E as low as 40 inactivated the enzyme (Fig. 4C) . The sensitivity of c-acon S138E to EDTA was notable in light of the different responses of stable and unstable aconitases to EDTA (19, 25) .
Whether EDTA was attacking the cluster directly by entering the active site cleft or scavenging Fe 2ϩ ions released spontaneously could not be distinguished by the experiments described thus far. Although m-acon does not bind EDTA (25) , whether c-acon S138E can bind the chelator is not known. Therefore, we wished to find out whether it was possible for iron to be lost from cluster without the direct action of a chelator. An anaerobic dialysis experiment was performed in which a metal chelating resin (Chelex) was present in the dialysis chamber but separated from the protein by a membrane. Under these conditions, c-acon S138E lost 26% of its enzymatic activity in 30 min (Fig. 4D) , suggesting spontaneous release of iron from the cluster in c-acon S138E . When c-acon WT was treated in the same way, there was no significant loss of aconitase activity (Fig. 4D) . Hence, for c-acon S138E , aconitase activity can be lost without direct contact of a chelator.
[ spectroscopy when c-acon S138E was treated with the strong oxidant ferricyanide 6 or when yeast cells expressing IRP1 S138E were exposed to H 2 O 2 (21) . We treated c-acon S138E anaerobically with EDTA until at least 50% of its aconitase activity had been lost and then attempted to observe a signal for a [3Fe-4S] cluster by EPR. A signal at g ϭ 2.01 indicative of an oxidized [3Fe-4S] ϩ cluster was observed (Fig. 4E, middle spectrum) . By comparison with a positive [3Fe-4S] ϩ control prepared by ferricyanide titration of c-acon WT (Fig. 4E, top spectrum) , we estimate that the [3Fe-4S] ϩ signal for the c-acon S138E represents ϳ50% of the total c-acon S138E . A sample of c-acon S138E with the same starting concentration was incubated in parallel without EDTA, did not lose activity, and did not generate a detectable [3Fe-4S] ϩ signal (Fig. 4E, bottom spectrum) . Therefore, we conclude that the [3Fe-4S] ϩ signal is correlated with EDTA-dependent loss of aconitase activity. Because the proportion of enzyme inactivated was nearly the same as the proportion giving rise to the [3Fe-4S] ϩ signal, subsequent oxidation of [3Fe-4S] 0 in the frozen solution appears to have been surprisingly quantitative. A plausible oxidation mechanism would be the interaction of diffused O 2 with iron complexes to produce reactive oxygen species capable of the required univalent oxidation (38) . Experiments are underway to determine the oxidation pathway. Our observations suggest that iron chelation shifts the equilibrium in favor of [3Fe-4S]-c-acon S138E , which is readily oxidized to [3Fe-4S] ϩ -c-acon S138E . Detection of the [3Fe-4S] ϩ cluster after treatment with a chelator supports the concept that there is enhanced 4Fe to 3Fe cycling in Ser 138 phosphomimetic mutants of c-acon.
DISCUSSION
The mechanism through which IRP1 RNA binding activity is generated from c-acon remains one of the critical unresolved issues concerning how the activity of this central regulator of iron metabolism is modulated. In this paper we have used phosphomimetic mutants of IRP1 that assemble a highly unstable iron-sulfur cluster to address the key issue of how iron-sulfur cluster disassembly in c-acon occurs and can be controlled. We approached this in two ways. First, using the IRP1 S138E phosphomimetic mutant we showed that loss of the iron-sulfur cluster in c-acon may be initiated not only through perturbantmediated (e.g. NO) pathways but also through a perturbantindependent process. This latter process represents a previously unrecognized mechanism through which changes in cellular iron status alone could be sufficient to initiate the conversion of c-acon to IRP1. Additionally, we observed that the set point for reciprocal regulation of aconitase and RNA binding activity by NO is altered in Ser 138 phosphomimetic mutants in that they are significantly sensitized to low and presumably more physiological, concentrations of perturbant (39 -41) . Second, our findings suggest that Ser 138 phosphorylation significantly alters the functional distribution of IRP1/c-acon in cells favoring accumulation of the RNA-binding form. Taken together, our studies expand the regulatory scenarios available for the control of IRP1 RNA binding activity and further substantiate its key role in animal cell iron metabolism.
Unique Roles of Aconitases Are Tied to the Stability of Their [4Fe-4S] Clusters-
The inherent difference in iron-sulfur cluster stability in aconitases has a key role in the adaptive responses of cells to changes in growth state, oxidative stress, and iron status (20, 42) . This idea is clearly illustrated through the selective expression of different aconitases in E. coli. AcnB, which has an unstable iron-sulfur cluster, is profoundly sensitive to iron depletion and oxidative stress. In iron deficiency, AcnB is inactivated by spontaneous nonoxidative demetallation of the iron-sulfur cluster. This allows accumulation and cellular export of citrate, which may facilitate scavenging and uptake of iron by the ferric citrate iron importer (19, 42) . In contrast, AcnA, which has the more stable iron-sulfur cluster, is induced in oxidative stress, presumably allowing greater citric acid cycle flux than would AcnB under this situation. Thus, selective use of aconitase isoforms allows control of metabolism that is responsive to the environment (19, 42) .
In eukaryotes the reduced stability of the iron-sulfur cluster in m-acon relative to c-acon is thought to permit enhanced responsiveness of the mitochondrial isoform to oxygen radicals as part of a feedback loop between the respiratory chain and the citric acid cycle (20) . The stable nature of the iron-sulfur cluster in c-acon has raised questions about its role as an iron sensor: how is the stable cluster of c-acon disassembled to generate RNA binding activity in response to low iron conditions (3, 12, 18) ? Initial removal of the labile iron atom, Fe a , which is not directly ligated by a protein moiety, followed by full loss of the cluster is one model. In this model, the initial conversion of the [4Fe-4S] 2ϩ form to the [3Fe-4S] ϩ form requires oxidative demetallation (13, 38, 43) . Consequently cluster perturbants have been viewed as required participants in the activation of IRP1 RNA binding activity from c-acon even during iron deficiency. However, the relative stability of (nonphosphorylated) c-acon, especially in the presence of substrate, implies that high levels of perturbants are likely required for this process (8, 12, 24) . On the basis of the work described herein and in previous reports (10, 21) , Ser 138 phosphorylation appears to provide a mechanism to tune the sensitivity of the iron-sulfur switch in c-acon so that a fraction of the protein (the phosphorylated fraction) can respond with more rapidity and sensitivity to changes in the level of iron and reactive oxygen or nitrogen species. Support for this concept comes from the finding that only a small portion (Ͻ5%) of rat liver c-acon responded to iron deficiency through apparent conversion to IRP1 (6) . The vast majority of enzyme was unaffected, suggesting the existence of pools of c-acon that differ with regard to the stability of their iron-sulfur cluster (6) . Taken together, these observations suggest that mechanisms such as Ser 138 phosphorylation are critical for regulation of IRP1 by the iron-sulfur switch.
Evidence for a Novel Regulated Pathway of Cluster Disassembly in Ser
138 Phosphorylated c-acon-We have shown that instability of the cluster in c-acon S138E drives it to exist preferentially in the RNA-binding form in cells, although it can maintain full aconitase activity in vitro under strict anaerobic conditions. The mechanism of this instability is likely to be complex. We propose a mechanism that involves nonoxidative demetallation (Fig. 5C ), a pathway apparently not available to c-acon WT . followed by complete loss of the cluster.
The iron that is released is not likely to be reincorporated if there are any reactive oxygen or nitrogen species or chelators present.
The equilibrium constant for Scheme 1 must be negligibly low in c-acon WT but is increased in c-acon S138E as indicated by the effect of dialysis. The addition of EDTA has no effect on c-acon WT but shifts the equilibrium to the right by removing iron from solution in the case of c-acon S138E , resulting in an observable loss of aconitase activity. The EDTA effect is inhibited by citrate or by iron as expected. Evidence for the [3Fe-4S] ϩ form in Scheme 2 comes from our observation of a c-acon S138E [3Fe-4S] ϩ cluster by EPR. Evidence for conversion to the apo form (Scheme 3) comes from the finding that the RNA-binding form preferentially accumulates in cells expressing IRP1 S138E . Nonoxidative loss of Fe a has not been observed for native m-acon (25, 37) , and most mechanisms of 4Fe-3Fe cycling in aconitases invoke an oxidant (37, 38, 44) . However, the precedent for spontaneous nonoxidative cluster cycling lies with AcnB (19, 45 (9) . The increased sensitivity of Ser 138 phosphomimetic mutants of c-acon/IRP1 to the oxidation pathway (Fig. 5A) is indicated by the hypoxia experiments described herein, as well as previous work in vitro and in cells (4, 10, 21) . A pathway involving NO has also been shown to activate IRP1 RNA binding (11, 16, 31, 46, 47 (16, 17, 48) . We have observed that sensitivity to NO is heightened by an order of magnitude or more in the Ser 138 phosphomimetic mutants (Fig.  5B) , providing a second mechanism of enhanced cluster loss. The cycling of 4Fe and 3Fe clusters without a perturbant has been observed for AcnB but not for c-acon (19) . Our proposal that phosphorylated c-acon can lose Fe a without prior oxidation adds an important and unanticipated third pathway, which is direct sensitivity to iron depletion (Fig. 5C) . Furthermore, the greater ease with which c-acon S138E loses Fe a raises the intriguing concept that Ser 138 phosphorylation may also enhance conversion of c-acon to IRP1 by uncoupling it from the stabilizing effect of citrate in vivo because the [3Fe-4S] forms would not be expected to bind substrate as efficiently.
Thus, we propose that Ser 138 -phosphorylated IRP1 more easily converts to the RNA-binding form under conditions in which nonphosphorylated IRP1 would tend to exist in the enzymatically active [4Fe-4S] 2ϩ or inactive but stable [3Fe-4S] ϩ c-acon form. A feedback loop to turn off RNA binding activity for the phosphorylated protein in iron replete conditions, rather than cluster reassembly, could be iron-induced degradation of the IRP1 apoprotein as occurs for IRP2 (4, 22, 49, 50) .
Cellular Role of Ser 138 Phosphorylation-Our study further focuses interest on the physiological scenarios where IRP1 is phosphorylated at Ser 138 . Ser 138 is phosphorylated by protein kinase C, and the RNA-binding form, rather than c-acon, is the likely substrate for kinase action (27, 52) . IRP1 is Ser 138 -phosphorylated in normally growing tissue culture cells, and phosphorylation is stimulated by the pharmacological activator of protein kinase C, phorbol 12-myristate-13-acetate (4, 27) . Protein kinase C isoforms are well established to be involved in the regulation of cell proliferation. Given that increased iron uptake and reduced iron storage are supportive pathways in the program of cell proliferation, Ser 138 phosphorylation of IRP1 could provide a mechanism to promote formation of essential iron-containing proteins needed for proliferation. Our results presented here with c-acon S138E argue that enhanced destabilization of the iron-sulfur cluster, through nonoxidative demetallation and elevated action of perturbants, provides an inducible mechanism to favor accumulation of RNA binding activity. In this manner, IRP1 could alter the metabolic fate of iron to meet the unique needs of proliferating cells.
Conclusions and Future Directions-We have studied the unstable phosphomimetic mutants of IRP1/c-acon as a model for the phosphorylation at Ser 138 . Our studies have confirmed the cluster instability phenotype in several ways and have provided insight into the mechanisms of this instability. Thus, Ser 138 phosphorylation of a pool of IRP1/c-acon renders the [4Fe-4S] cluster highly sensitive to both perturbants and iron concentration. Cycling between [4Fe-4S] and [3Fe-4S] forms, a means of sensing cellular iron requirements, is enhanced by an additional pathway that can be initiated under nonoxidative conditions. Future studies will be directed at a better understanding of specific pathways of disassembly for [3Fe-4S] clusters and toward characterizing the inactive species of IRP1/c-acon observed upon loss of the cluster from c-acon
WT versus c-acon S138E .
